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ABSTRACT
In rare cases, the removal of a single proton (Z) or neutron (N) from an atomic nucleus leads to a dramatic shape change.
These instances are crucial for understanding the components of the nuclear interaction that drive deformation. The mer-
cury isotopes (Z = 80) are a striking example1,2: their close neighbors, the lead isotopes (Z = 82), are spherical and steadily
shrink with decreasing N. The even-mass (A = N+Z) mercury isotopes follow this trend. The odd-mass mercury isotopes
181;183;185Hg, however, exhibit significantly larger charge radii. Due to the experimental difficulties of probing extremely neutron-
deficient systems, and the computational complexity of modeling such heavy nuclides, the microscopic origin of this unique
‘shape staggering’ has remained unclear. Here we report that, by applying resonance ionization spectroscopy, mass spec-
trometry and nuclear spectroscopy as far as 177Hg, 181Hg is determined as the shape-staggering endpoint. By combining
our experimental measurements with Monte-Carlo Shell Model calculations, we conclude that this phenomenon results from
the interplay between monopole and quadrupole interactions driving a quantum phase transition, for which we identify the
participating orbitals. Although shape staggering in the mercury isotopes is a unique and localized feature in the nuclear
chart, it nicely illustrates the concurrence of single-particle and collective degrees of freedom at play in atomic nuclei.
Atomic nuclei, comprising protons and neutrons, display1
a rich array of quantum phenomena. These complex many-2
body systems obey the Pauli exclusion principle which dic-3
tates a nucleonic shell-like structure, akin to Bohr’s model4
of electrons in an atom. In the vicinity of closed shells,5
at the ‘magic numbers’of Z;N = 8;20;28;50;82 and N =6
126, the nuclear wavefunction is dominated by the last few7
particles (or holes) and excitations thereof. In contrast to8
this single-particle nature, collective behaviour appears away9
from the closed shells, as increased nucleon-nucleon corre-10
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Figure 1. An overview of the in-source resonance ionization spectroscopy study of radiogenic mercury isotopes (a):
mercury isotopes are produced by proton-induced nuclear reactions in a molten lead target. The vapor effuses into the anode
volume of the VADLIS ion source3 where the atoms are ionized using a 3-step resonance photo-ionization scheme (inset).
The ions are extracted as a mono-energetic beam at 30 keV. The isotope of interest is selected using the general-purpose mass
separator (GPS) and directed towards the most appropriate of the three detection systems shown (see Methods). By scanning
the laser wavelength of the spectroscopic transition (in this case the 1st step), the isotope shift (IS) and hyperfine structure
(HFS) is examined (b). The isotope shifts are used to calculate the changes in mean-square charge radii d hr2i with respect to
A= N+Z = 198 along the isotopic chain. (c) The results of this study appear as filled red circles (ground states, gs) or
empty red circles (isomeric states, is). 177 180Hg are new measurements, while 181 185Hg were re-measured and the data
points overlap with those of the literature values (blue circles), as can also be seen by the close agreement between values in
Table 1. The error bars correspond to the standard deviation of measurements. Additional scaling uncertainties (not shown)
arise from the indeterminacy of the F factor (7%4) and the Specific Mass Shift, MSMS. These are discussed in the Methods
Section and provided in Table 1. The additional continuous black line illustrates the previously measured quasi-spherical
trend of the lead nuclei5.
lations drive the minimum-energy configuration of the nu-11
cleus to deformation. Consequently, the ground-states of12
most isotopes in the nuclear chart are non-spherical. Most13
commonly they are prolate (rugby-ball) shaped although dif-14
ferent shapes, corresponding to alternative nucleon configu-15
rations, can coexist within the same nucleus6,7. It remains a16
challenge to pin-down the full picture of the underlying mi-17
croscopic origin of this phenomenon.18
Optical spectroscopy is able to measure subtle shifts in the19
energy of the atomic electron levels, arising from changes20
in the charge distribution of the nucleus8. Along the iso-21
topic chain of a given element, this effect is known as the22
isotope shift. From this, the change in mean-square charge23
radius, d hr2i, can be extracted in a nuclear-model indepen-24
dent way. Similarly, the hyperfine splitting of the electronic25
levels gives direct access to the nuclear properties: spin (I),26
magnetic dipole (m) and electric quadrupole (Q) moments.27
Such measurements are therefore a sensitive and direct probe28
of the valence particle configuration and changes in nuclear29
size or deformation as a result of the addition or removal, and30
consequential redistribution, of nucleons.31
The radioactive isotopes in the lead region have been the32
subject of a variety of optical spectroscopy studies for several33
decades. An intensified interest in this region was sparked by34
the study of the mercury isotopic chain in which a sudden35
and unprecedented increase in charge radius was observed36
for 185Hg, 183Hg and 181Hg1,2. For the heavier mercury37
isotopes the changes in charge radii mirror those of lead5:38
steadily shrinking with decreasing N. This seminal discovery39
of shape-staggering between odd and even neutron-deficient40
mercury isotopes is unparalleled elsewhere in the nuclear41
chart and was key to establishing the idea of shape coexis-42
tence at low excitation energy7,9. A plethora of studies on the43
excited states of these nuclei10,11 provided a further substan-44
tial insight into shape-coexistence, complementing the laser45
spectroscopy studies of ground and isomeric states. How-46
ever, to acquire a full understanding of this spectacular occu-47
rance requires its precise localisation by probing even more48
neutron-deficient systems, which were previously experimen-49
tally inaccessible. Likewise, theoretical progress has been50
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thwarted by the enormous computational requirements of a51
fully microscopic, many-body calculation of such heavy sys-52
tems.53
In this Letter we report breakthroughs on both fronts that54
now provide explanations of the underlying mechanism and55
localized nature of this shape staggering: the combination56
of state-of-the-art radioisotope production and detection tech-57
niques (see Fig. 1a) at the CERN-ISOLDE radioactive ion58
beam facility12, extending laser spectroscopy measurements59
to four lighter mercury isotopes (177 180Hg); and the ex-60
ploitation of recent advances in computational physics to61
perform Configuration-Interaction Monte Carlo Shell Model62
(MCSM)13 calculations with the largest model spaces to date.63
Ground-state and isomer charge radii and magnetic mo-64
ments were studied by performing resonance ionization spec-65
troscopy on the mercury isotopes with unprecedented sensi-66
tivity, reaching as far as 177Hg, an isotope with a half-life67
of only 127 milliseconds and a production rate of just a few68
ions per minute. The new experimental scheme is illustrated69
in Fig. 1a with the recorded optical spectra shown in Fig. 1b70
and resulting charge-radii data in Fig. 1c. The isotope shifts71
measured relative to 198Hg and the deduced changes in mean-72
square charge radii and moments for 177 185Hg are presented73
in Table 1. A complete description of the data analysis and fit-74
ting can be found in the Doctoral theses of T. Day Goodacre1475
and S. Sels15. The close agreement between the values ex-76
tracted from this work with those of literature is a convincing77
validation of our technique and data treatment.78
The changes in mean-square charge radii of mercury iso-79
topes combined with those of the lead isotopes5 are shown80
relative to A = 198 in Fig. 1c. In addition to confirming the81
earlier results, these new data firmly prove that the dramatic82
shape staggering is a localized phenomenon and that the odd-83
mass mercury isotopes return to sphericity at A= 179 (N =84
99).85
In order to pinpoint the microscopic origin of this obser-86
vation, we performed large-scale numerical simulations for87
the quantum many-body problem using a MCSM method.88
Heavy nuclei such as the mercury isotopes are beyond the89
limit of conventional Configuration Interaction (CI) calcula-90
tions for protons and neutrons interacting through nuclear91
forces. However, using the MCSM method and the most ad-92
vanced computers has allowed us to reach this region for the93
first time, redefining the state of the art of CI calculations for94
atomic nuclei. Calculations were performed for the ground95
and the lowest excited states in 177 186Hg with spin and par-96
ity corresponding to the experimental ground-state values of97
the nuclei considered: 0+ for the even-mass isotopes, 1/2 98
for 181;183;185Hg and 7/2  for 177;179Hg. Also the 13/2+ long-99
lived isomer in 185Hg was examined. The MCSM provides100
the eigen wavefunction from which the magnetic dipole and101
electric quadrupole moments, and the shape parameters (b2,102
g) are calculated20. In turn, the shape parameters are used to103
obtain the mean-square charge radius (see Methods). For all104
these states, the changes in mean-square charge radii relative105
to the ground state of 186Hg are presented as shaded boxes106
in Fig. 2a. The height of the shaded box is related to the107
spread of the quantum fluctuations of the MCSM eigenstates,108
examples of which are shown by the distribution of b2 val-109
ues in Fig. 2d (see Methods section for more details). Fig. 2110
shows that for every mercury isotope, only one state can111
be identified for which the calculated d hr2i is in agreement112
with experiment. For the odd-mass nuclei this identification113
is confirmed by the agreement between the calculated and114
measured magnetic moments, as shown in Fig. 2b. Further-115
more, with the exception of 181Hg, for which the calculated116
energy difference between 1=2 3 and 1=2
 
1 states is only 218117
keV, and in spite of the limited number of basis vectors used,118
the selected MCSM states correspond indeed to the ground119
states in the calculations. The remarkable agreement with120
the experimental data that has been achieved reinforces our121
confidence in the ability of this MCSM method to reveal the122
discrete changes in the nuclear configuration that drive shape123
coexistence in this region. We therefore gain an insight into124
the underlying mechanism responsible for the sudden appear-125
ance and disappearance of the uniquely-pronounced shape126
staggering in the mercury isotopes.127
TheMCSM enables us to examine the microscopic compo-128
sition of each MCSM state in terms of the occupancy of the129
proton and neutron orbitals (see Fig. 2c). The most striking130
differences between the deformed 1/2  states in 181;183;185Hg131
and the other near-spherical states are found in the nucleon-132
occupancy of two orbitals: the proton 1h9=2 situated above133
the Z = 82 closed shell and the neutron 1i13=2 midshell be-134
tween N = 82 and N = 126. The strongly deformed 1/2 135
states of 181;183;185Hg exhibit large and constant values ( 8)136
of the neutron 1i13=2 occupation number, as well as a sizable137
promotion of 2 to 3 protons across the Z = 82 magic shell138
gap to the 1h9=2 orbit.139
This abrupt and significant reconfiguration of the nucleons140
originates not only from the quadrupole component of the141
nucleon-nucleon (NN) interaction, known to be responsible142
for inducing deformation in atomic nuclei, but also in the143
monopole component. The strong attractive nature of the lat-144
ter, specifically between the proton 1h9=2 orbital and neutron145
1i13=2 orbital, results in an additional lowering of the bind-146
ing energy20. If this energy gain, combined with that of the147
quadrupole deformation, exceeds the energy needed to create148
particle-hole excitations then the deformed state becomes the149
ground state.150
It is thus the combined action of the monopole interac-151
tion, the effect of which depends linearly on the orbital occu-152
pancy numbers, and the quadrupole interaction, that follows153
a quadratic dependence with a maximum when an orbital is154
half-filled (i.e. 7 neutrons in the 1i13=2 orbital) that delineates155
the deformed region for the mercury isotopic chain between156
N = 101 and N = 105. For even-N mercury isotopes, the pair-157
ing correlation that exists for the spherical shape produces158
sufficient binding energy because of the high level density,159
whereas this is suppressed in odd-N isotopes due to block-160
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Table 1. Summary of resulting mean-square charge differences (d hr2iA 198) and nuclear moments (m , Q) and their
comparison to literature.
Isotope Spin Ip d hr2iA 198 (this work) d hr2iA 198 (lit.) m (this work) m (lit.) Qs (this work) Qs (lit.)
(fm2) (fm2) (mN) (mN) (b) (b)
177Hg (7=2 ) -1.067(8)f78g - -1.027(53) - 0.57(83) -
178Hg 0+ -0.968(6)f71g - - - - -
179Hg (7=2 ) -0.905(5)f70g - -0.949(29) - 0.77(28) -
180Hg 0+ -0.808(5)f60g - - - - -
181Hg 1=2  -0.111(6)f11g -0.114(4)f10g 0.510(9) 0.5071(7) - -
182Hg 0+ -0.653(5)f48g -0.649(10)f49g - - - -
183Hg 1=2  -0.065(5)f7g -0.069(2)f6g 0.516(11) 0.524(5) - -
184Hg 0+ -0.542(5)f40g -0.544(2)f42g - - - -
185Hg 1=2  -0.069(6)f7g -0.0764(6)f63g 0.507(17) 0.509(4) - -
185mHg 13=2+ -0.543(4)f40g -0.543(2)f42g -1.009(12) -1.017(9) -0.15(41) 0.19(32)
Statistical errors are given in parenthesis. Systematic errors stemming from
the indeterminacy of the F factor (7%, see4) and MSMS are shown in curly brackets
Ref. for m: m(199Hgm) = -1.0147(8), a(199Hgm) = -2298.3(2)16
Ref. for Qs: Qs(201Hg) = 0.387(6)17, b(201Hg) = -280.107(5)18
ing of the unpaired neutron. The strongly deformed state,161
assisted by the combined monopole and quadrupole effect,162
therefore becomes the ground state. Thus, the observed shape163
staggering is due to a subtle competition between these two164
shapes, which are different in terms of their many-body con-165
figuration.166
The shape staggering effect manifests characteristic fea-167
tures of a quantum phase transition21–23: In a given nucleus,168
different phases - a near spherical and a strongly deformed169
nuclear shape - appear at almost the same energy without170
mixing. By making small changes in the control parame-171
ter, which in this case is the neutron number, the system172
alternates between the two phases. In the case of the mer-173
cury chain, this observation, which resembles a critical phe-174
nomenon in phase transitions, happens six times. This unique175
feature is now quantitatively understood through the MCSM176
calculations, highlighting the importance of the simultaneous177
multiple excitations to the proton 1h9=2 and neutron 1i13=2 or-178
bitals20. In this picture, because of the major role of the neu-179
tron 1i13=2 orbital in driving the large quadrupole deforma-180
tion, this effect can only dominate close to neutron number181
N=103. By delineating the region of shape staggering our182
new data provides the neccessary information to support this183
picture.184
Extending the isotope shift and hyperfine structure mea-185
surements to the other extremely neutron-deficient nuclei be-186
low midshell at N = 104, either side of the Z = 82 shell clo-187
sure is important. This will enable us to check the depen-188
dence of the deformation evolution on the proton number,189
and particularly on the proton 1h9=2 oribital occupancy. It190
will then be possible to understand whether the same mecha-191
nism is responsible for shape changes in other isotopic chains192
in this region.193
The MCSM calculation is shown, by this work, to be appli-194
cable to spectroscopic studies on heavy nuclei. These nuclei195
are located at the current feasibility limit, and thereby the cal-196
culation has been done for selected states and only energies197
and moments are obtained. Thanks to the rapid developments198
of the supercomputing, more states will soon be calculated199
systematically, and dynamical properties such as band struc-200
ture and spectroscopic factors will be clarified. This is in per-201
fect accordance, for example, with the ongoing experimental202
programs at CERN/ISOLDE on Coulomb excitation and nu-203
cleon transfer reactions, making use of post-accelerated ra-204
dioactive ion beams24.205
Methods206
Mercury isotope production207
The experiment was performed at the CERN-ISOLDE iso-208
tope separator facility12. Neutron-deficient mercury isotopes209
were produced by proton-induced spallation of lead nuclei:210
a molten lead target was bombarded with protons from the211
CERN Proton Synchroton booster at an energy of 1.4 GeV.212
The proton beam intensity (1x1013 protons per pulse, up to213
1 mA averaged current) and bunched proton extraction was214
optimized to enhance the release of short-lived isotopes from215
the liquid target whilst reducing the likelihood of a mechan-216
ical failure due to shockwaves generated by the proton im-217
pact25,26. A temperature-controlled spiral chimney enables218
effusion of the mercury vapor towards the ion source cavity219
whilst ensuring the required suppression, by condensation, of220
less volatile species such as lead. The mercury atoms effuse221
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Figure 2. A comparison of the experimental results with the MCSM calculations for the mercury isotopes studied in this
work. a: The upper left panel shows hr2i relative to that of the ground state of 186Hg. Red points are experimental data from
this experiment. They include the combined statistical (standard deviation) and systematic uncertainties quoted in Table 1.
Blue points refer to literature values from4. The shaded boxes indicate radii corresponding to the MCSM eigenstates labeled
by their respective spin J, parity p and energetic ordering i as Jpi . The gray areas show MCSM eigenstates for which the
calculated magnetic moment differs from measured value. b: Comparison of the calculated and experimental magnetic
moments for different states in the odd-mass mercury isotopes. c: The occupation numbers of the neutron i13=2 orbit and the
proton h9=2 orbit for the states displayed by the blue connected areas in panel a (these are the experimentally-observed
ground-states). The deviation of the three strongly prolate deformed states at A= 181;183;185 from the general occupancy
trend is evident. d: So-called T-plot19,20 examples for two different states in 185;186Hg, with large and small deformation
respectively. The corresponding b2 and g shape parameters of the main contributing MCSM basis vectors are denoted by
open circles (see text and methods).
into the anode cavity of a FEBIAD-type ion source, referred222
to as the VADLIS (Versatile Arc Discharge and Laser Ion223
Source)3. For this experiment the laser beams from the Reso-224
nance Ionization Laser Ion Source (RILIS)27 laboratory were225
directed into the FEBIAD anode cavity through the 1.5 mm226
ion extraction aperture. The lasers were tuned to the 3-step227
resonance ionization scheme for mercury (Figure 1a inset)28,228
resulting in laser-ionization of mercury only. For the first229
time during on-line operation, the ion source was operated230
in the newly-established RILIS mode, whereby the anode231
voltage is reduced to several volts, while the cathode heat-232
ing and ion source magnetic field strength are optimized for233
laser-ion survival and extraction. In this case, no electron im-234
pact ionization occurs, and the laser-ionized Hg+ beam pu-235
rity is maximized. The ion source efficiency remains similar236
to that of standard FEBIAD operation with electron-impact237
ionization (estimated to be several percent). Mercury ions238
leaving the anode exit aperture are subject to the 30 kV po-239
tential difference between the ion source aperture and the240
grounded extraction electrode. The resulting mono-energetic241
beam of mercury ions was then passed through a magnetic242
dipole mass separator, which has sufficient resolution for the243
selection of the atomic mass of interest for transmission to244
the detection system, but is not capable of separating isobars.245
Laser spectroscopy and signal identification246
To extend our reach beyond the range of previously stud-247
ied mercury isotopes, it was necessary to use the most sen-248
sitive laser spectroscopy method available at ISOLDE: in-249
source resonance ionization spectroscopy. Laser resonance250
ionization is commonly used for radioactive ion beam pro-251
duction at many facilities worldwide29,30 and the unmatched252
sensitivity achieved by optimizing this method for laser spec-253
troscopy during the initial ion creation is well recognised8.254
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Wavelength-tuning of one of the lasers used in the reso-255
nance ionization scheme directly influences the ionization ef-256
ficiency of the element of interest. For this work the 254 nm257
first-step transition (6s2 1S0 ! 6d6p 3P1) of the ionization258
scheme was used for spectroscopy since its sensitivity to259
nuclear variations results in a well-resolved hyperfine struc-260
ture, despite the high-temperature (1800 C) of the ion261
source cavity (where Doppler broadening of the atomic spec-262
tral lines is dominant). The 254 nm light required was pro-263
duced by third-harmonic generation from the output of a Ti-264
tanium:Sapphire laser, operating in the dual etalon scanning265
mode (fundamental linewidth of 0.8 GHz)31. While operat-266
ing the ion source in RILIS-mode, this laser was scanned in267
a stepwise manner and at each frequency step the ion rate268
was recorded using the most suitable of the three detection269
methods available. Depending on the intensity, purity, life-270
time or decay mode of the beam at a chosen mass, the ion271
beam was directed to one of the three detection systems de-272
picted in Fig. 1a: The ISOLDE Faraday cup, for ion cur-273
rent measurement above 100 fA; the ISOLTRAP MR-ToF274
MS, for isobar-separated ion counting of longer lived iso-275
topes with a resolving power ofM=DM 30000032,33; or the276
Windmill decay spectroscopy setup (for efficient detection of277
alpha-decaying isotopes). Laser scans were obtained for all278
177 186Hg ground states. The isotope shifts were determined279
relative to 198Hg. A total of 17 198Hg reference scans were280
recorded periodically during the experiment.281
Monte Carlo Shell Model Calculations282
The Monte Carlo Shell Model (MCSM) calculation is one283
of the most advanced computational methods that can be284
applied for nuclear many-body systems. This work repre-285
sents the largest ever MCSM calculations, performed on mas-286
sively parallel supercomputers, including the K computer in287
Kobe, Japan. Exploiting the advantages of quantum Monte-288
Carlo, variational and matrix-diagonalization methods, this289
approach circumvents the diagonalization of a > 2 1042-290
dimensional Hamiltonian matrix. Using the doubly-magic291
132Sn nucleus as an inert core, 30 protons and up to 24 neu-292
trons were left to actively interact in an exceptionally large293
model space as compared to conventional CI calculations.294
Single-particle energies were set to be consistent with single-295
particle properties of 132Sn and 208Pb with smooth changes296
as functions of Z and N. All nucleons interact through effec-297
tive NN interactions adopted from the frequently-used ones298
provided by34,35. The Hamiltonian was thus fixed and kept299
throughout this study. The model space in which the nu-300
cleons interact are 11 proton orbits from 1g7=2 up to 1i13=2301
and 13 neutron orbits from 1h9=2 up to 1 j15=2. Calculations302
were performed utilizing effective charges for protons and303
neutrons, with their actual values being 1.6e and 0.6e, re-304
spectively and a spin quenching factor of 0.9. The MCSM305
eigenstate is represented as a superposition of MCSM basis306
vectors with the appropriate projection onto spin and parity.307
Each MCSM basis vector is a Slater determinant formed by308
mixed single-particle states, where the mixing amplitudes are309
optimized by quantum Monte-Carlo and variational methods.310
This Slater determinant has intrinsic quadrupole moments,311
which can be expressed in terms of a set of b2 and g deforma-312
tion parameters. Using the effective charges and spin quench-313
ing factor, we reproduce the electric quadrupole moments314
of 177;179Hg and the magnetic dipole moments of the odd-315
mass mercury isotopes (see Figure 2b). The combined effect316
of the monopole interaction, which depends linearly on the317
orbital occupancy numbers, and the quadrupole interaction,318
that contains a quadratic dependence with a maximum when319
an orbital is half-filled, causes the observed shape staggering.320
Specifically the strong attractive monopole matrix element321
between proton h9=2 and neutron i13=2 orbtials (-0.35 MeV)322
compared to an average value of -0.2 MeV for the other or-323
bitals considered, localizes the observed phenomena around324
N = 10320. This is due to the similarity in radial wave func-325
tions and the coherent sizable effect of the tensor force35.326
Using the effective charges, the quadrupole moments for327
each MCSM basis vector can be obtained. These can be con-328
verted into the standard ellipsoidal nuclear shape parameters329
b2 (deformation strength) and g (deformation shape)36. One330
of the strengths of the MCSM is the ability to link the basis331
vectors onto the Potential Energy Surface (PES) deduced us-332
ing the same NN interaction. The T-plot19,20 was introduced333
in order to indicate the individual MCSM basis vectors using334
b2 and g as partial coordinates on the PES.335
Fig. 2d shows example T-plots for 185;186Hg. The impor-336
tance of each MCSM basis vector is evaluated in terms of337
the probability amplitude in the eigenstate of interest, as is338
shown by the size of the circle: larger circles representing339
major MCSM basis vectors, whilst smaller circles imply a340
less relevant contribution to this particular eigenstate. In341
these T-plots, clustering of the circles is observed for spheri-342
cal (186Hg) and prolate shapes (185Hg).343
In order to compare the d hr2i from the isotope shift mea-344
surements to the b2 deduced from the MCSM calculations,345
the following standard procedure was used:346
hr2i= hr2iDM

1+
5
4p
hb2i2

(1)
d hr2iA 186 = hr2i hr2i186 (2)
where hr2iDM refers to the droplet model mean square347
charge radius for which the most-used parametrization of348
Berdichevsky and Tondeur37 is adopted. Following this pro-349
cedure, the influence of g is negligible.350
The calculated d hr2i, shown in Fig. 2a, are indicated by351
shaded boxes. The height of the box is determined by the dis-352
tribution of the circles in the T-plot with respect to b2 and rep-353
resents the spread of the quantum fluctuations of the MCSM354
eigenstates.355
Data availability356
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